Abstract. Skeletal muscle serves an important role in the utilization of glucose during insulin-stimulated conditions. Excessive saturated fatty acids are considered to be a major contributing factor to insulin resistance in skeletal muscle cells. The present study investigated the effects of hispidin on palmitate-induced insulin resistance in C2C12 skeletal muscle myotubes via an MTT assay, glucose uptake assay, Oil-Red-O staining and western blot analysis. Hispidin reversed the palmitate-induced inhibition of glucose uptake, and inhibited palmitate-induced intracellular lipid accumulation. Hispidin suppressed insulin receptor substrate-1 Ser307 phosphorylation, and significantly promoted the activation of phosphatidylinositol-3-kinase and Akt, via inhibition of protein kinase C theta. Furthermore, hispidin treatment of C2C12 muscle cells increased glucose uptake via activation of adenosine monophosphate-activated protein kinase. These findings indicated that hispidin may improve palmitate-induced insulin resistance in skeletal muscle myotubes, and therefore hispidin treatment may be beneficial for patients with diabetes.
Introduction
Diabetes mellitus is a group of metabolic diseases characterized by high glucose levels resulting from defects in insulin secretion and action (1) . There are two types of diabetes mellitus: Type 1 or insulin-dependent diabetes, which results from the destruction of pancreatic beta cells causing insulin deficiency, and type 2 or non-insulin-dependent diabetes, which is caused by the non-responsiveness of cells to insulin (2) (3) (4) . Over 90-95% of diabetes cases are type 2, which is largely associated with diet, lifestyle and excess body weight (5, 6) . In contrast, type 1 accounts for only 3-5% of diabetes cases. Insulin resistance is recognized as a major risk factor for the development of type 2 diabetes mellitus, and it is characterized by the reduced ability of insulin to regulate glucose homeostasis in target tissues, including muscle, liver and adipose (7) . Among these target tissues, skeletal muscle is responsible for >75% of glucose disposal in response to insulin in the post-prandial state (8, 9) . Therefore, skeletal muscle insulin resistance is commonly viewed as a critical component of whole-body insulin resistance.
Numerous reports have demonstrated that obesity-associated insulin resistance is a major risk factor for skeletal muscle insulin resistance (10) (11) (12) . It is believed that free fatty acid (FFA) levels become elevated prior to the onset of hyperglycemia in overweight and obese individuals, and this elevation is associated with impaired glucose tolerance (13, 14) . Furthermore, excess lipids in obese individuals raisescirculating FFA levels and contributes to the development of type 2 diabetes (15) . High FFA levels induce insulin resistance by inhibiting the insulin-signaling pathway in muscle cells. Skeletal muscle insulin resistance resulting from high FFA levels may be explained by different underlying mechanisms, including a direct effect on the function of proteins involved in the insulin signaling pathway, and the Randle hypothesis (16, 17) . Insulin signaling is initiated by insulin binding to the insulin receptor, which results in insulin receptor substrate-1 (IRS-1) phosphorylation, during which the receptor undergoes rapid tyrosine phosphorylation, and then forms a stable complex with the 85 kDa subunit of phosphatidylinositol-3-kinase (PI3K) (18) . PI3K serves a major role in insulin signaling, predominantly via activation of protein kinase B (Akt), which activates glucose transporter 4 (GLUT4) (19) . GLUT4 subsequently translocates to the membrane and imports glucose into the cell. Notably, it has been reported that an increase in intracellular FFA metabolites leads to phosphorylation of serine/threonine sites on IRS-1 (20) . Serine/threonine phosphorylation of IRS-1 impairs its ability to associate with the insulin receptor, which inhibits subsequent insulin-stimulated tyrosine phosphorylation (21 the insulin receptor. This process leads to decreased PI3K activation, resulting in reduced downstream signaling and glucose transporter activity. As a result, elevated FFA inhibits glucose uptake (22, 23) . Phellinus linteus (P. linteus) is a fungus that is used in Asian countries as a traditional medicine for the treatment of various diseases, including inflammation, neurodegenerative disorders and various cancers (24, 25) . A previous study demonstrated that phenolic compounds isolated from P. linteus may have antioxidant, antitumor and antimutagenic activities (26) . P. linteus produces the yellow antioxidant pigments hispidin and hispidin derivatives. Hispidin has been indicated to possess strong antioxidative, protein kinase C inhibitory and anticancer activities (27, 28) . However, there have been no reports on the effects of hispidin on palmitate-induced insulin resistance in skeletal muscle cells. Therefore, the present study investigated the effect of hispidin on palmitate-induced insulin resistance in C2C12 skeletal muscle cells in vitro. Culture conditions and cell differentiation. C2C12 myoblasts were derived from a mouse skeletal myoblast cell line. C2C12 myoblasts were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA) and grown in High Glucose DMEM (Gibco; Thermo Fisher Scientific, Inc.) supplemented with 10% heat-inactivated FBS, penicillin (100 U/ml) and streptomycin (100 µg/ml) in a humidified 5% CO 2 incubator at 37˚C. The cells were cultured to ~60% confluence, harvested with 0.25% trypsin-EDTA, and subcultured for an additional 48 h. C2C12 myotubes were obtained by culturing myoblasts in DMEM containing 10% heat-inactivated horse serum (Gibco; Thermo Fisher Scientific, Inc.). Myotube formation was achieved following 4 days of incubation. To investigate palmitate-induced myotube atrophy and loss, cells were fixed for 10 min with 4% formaldehyde, stained with 1% crystal violet solution for 15 min, and washed three times in water. Images were taken under a microscope. Differentiated cells were used for subsequent experiments.
Materials and methods

Materials
Preparation of palmitate-BSA complex and treatment.
The BSA-conjugated palmitate complex was prepared as previously described (29) . In brief, palmitate was dissolved in 100 mM NaOH by heating at 70˚C. After filtration, the solution was diluted with 10% fatty acid-free BSA and stored at -20˚C. BSA-conjugated palmitate was used for subsequent experiments. Cells were treated with various concentrations of BSA-conjugated palmitate for 16 h. In all experiments, 2 h prior to treatment with fatty acids, the culture medium was replaced with serum-free DMEM. Control BSA was prepared by mixing 1 ml of 0.1 M NaOH with 9 ml of cell culture medium containing 3.3 mM of fatty acid-free BSA.
Glucose uptake. Glucose uptake assays were performed using the glucose analog 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) amino]-2-deoxy-D-glucose (2-NBDG, Thermo Fisher Scientific, Inc.), a fluorescent indicator of direct glucose uptake. To investigate the effect of palmitate, BSA-conjugated palmitate or hispidin on insulin-mediated glucose uptake, C2C12 myotubes were incubated with control BSA or various concentrations of palmitate and BSA-conjugated palmitate for 16 h and/or various concentrations and exposure times of hispidin, prior to measuring insulin-induced glucose uptake. Cells were pre-incubated in glucose-free DMEM containing Krebs Ringer Bicarbonate buffer (115 mM NaCl, 4.7 mM KCl, 2.5 mM CaCl 2 , 1.2 mM MgSO 4 , 1.2 mM KH 2 PO 4 , 20 mM NaHCO 3 and 10 mM HEPES at pH 7.4) with 2% fatty acid-free BSA at 37˚C for 30 min. Cells were subsequently incubated in the presence or absence of insulin (100 nM) for 30 min and then further incubated with insulin and 50 µM 2-NBDG for 2 h at 37˚C in glucose-free Krebs Ringer bicarbonate buffer containing 2% BSA. The cells were subsequently washed with phosphate-buffered saline (PBS), and the relative fluorescence intensity was assessed at excitation and emission wavelengths of 485 and 535 nm, respectively, using a microplate fluorometer.
Oil-Red-O staining. To measure cellular lipid accumulation, C2C12 myotubes were stained using the Oil-Red-O method as described previously (30) . Briefly, C2C12 cells were plated at a density of 1x10 5 cells/well in a 6-well plate. After differentiation, the C2C12 myotubes were treated with various concentrations of hispidin for 4 h, followed by 0.5 mM BSA-conjugated palmitate per well for 16 h. Cells were washed three times with PBS and fixed with 3.7% formaldehyde for 30 min at room temperature. After fixation, the cells were washed and stained with Oil-Red-O solution (stock solution, 3 mg/ml in isopropanol; working solution, 60% Oil-Red-O stock solution and 40% distilled water) for 60 min at room temperature, and then washed with water to remove unbound dye. The cells were air-dried on a clean bench, neat isopropanol was added, and the cells were agitated at room temperature for 30 min to elute the bound dye. Absorbance was determined at a wavelength of 520 nm using an ELISA microplate reader (Model 550; Bio-Rad Laboratories, Inc., Hercules, CA, USA).
Cell viability assay.
To assess the cytotoxic effects of hispidin on C2C12 myotubes, cell viability was assessed using the (3-[4,5-dimethyl thiazol-2-yl]-2,5-diphenyl tetrazolium) bromide (MTT) assay, which relies on the ability of viable cells to metabolically reduce the tetrazolium salt MTT to a purple formazan product, which can be quantified colorimetrically. Briefly, C2C12 cells were seeded at a density of 5x10 4 cells/well in a 12-well plate and incubated for 48 h at 37˚C in a humidified 5% CO 2 incubator. After differentiation, cells were incubated with hispidin (1-1,000 µM) for 24 h. Following hispidin exposure, 50 µl MTT stock solution (5 mg/ml) in serum-free medium was added to each well, and the mixture was incubated for 2 h at 37˚C. The cells were subsequently washed with PBS and the supernatant was aspirated. The formazan crystals in each well were dissolved in isopropyl alcohol, and the absorbance was determined at a wavelength 570 nm using an ELISA microplate reader (Model 550; Bio-Rad Laboratories, Inc.).
Western blot analysis. Differentiated C2C12 myotubes were treated with various concentrations of hispidin for 4 h, followed by 0.5 mM BSA-conjugated palmitate per well for 16 h. Cells were subsequently incubated in the presence or absence of 100 nM insulin for 30 min. Cells were washed with PBS and lysed in lysis buffer [10 mM Tris-HCl (pH 7.5), 10 mM NaH 2 PO 4 /NaHPO4 (pH 7.5), 130 mM NaCl, 1% Triton X-100, 10 mM sodium pyrophosphate, 1 mM phenyl methyl sulfonyl fluoride, 2 µg/ml pepstatin A] for 30 min on ice. Lysates were centrifuged at 12,000 x g for 20 min at 4˚C. The supernatant was collected, and the protein content of the supernatant was measured using a Bio-Rad Protein Assay kit (Bio-Rad Laboratories, Inc.). A total of 50 µg protein was added to each lane of 10-15% gels, separated by SDS-PAGE and transferred onto 0.2 µm nitrocellulose membranes (Bio-Rad Laboratories, Inc.). Membranes were blocked with 5% nonfat powdered milk in Tris-buffered saline containing 0.1% Tween-20 (TBS-T) for 1 h, and then incubated with primary antibodies at 4˚C overnight. Finally, the membranes were incubated with HRP-conjugated secondary antibodies for 1 h at 4˚C. The membranes were washed with TBS-T following each antibody incubation. Detection was performed using an Enhanced Chemiluminescence kit (Merck KGaA).
Statistical analysis. Data were reported as the mean ± standard error. Experiments were performed in triplicate, and independently repeated at least three times. Data were compared using Student's t-test or a one-way analysis of variance followed by Duncan's multiple range test, using SAS software version 9.1 (SAS Institute, Inc., Cary, NC, USA). P<0.05 was considered to indicate a statistically significant difference.
Results
Hispidin reverses palmitate-induced insulin resistance.
Concentration-response experiments were carried out to determine the highest non-toxic concentration of hispidin. MTT assays indicated that there was no significant alteration in cell viability following treatment with hispidin at concentrations from 1 to 1,000 µM. At 200 µM hispidin, cell viability was ~80% (Fig. 1A) . Therefore, subsequent experiments were conducted using ≤200 µM hispidin. To examine whether palmitate has an impact on insulin-mediated glucose uptake, C2C12 myotubes were incubated with various concentrations of palmitate and BSA-conjugated palmitate for 16 h, and insulin-induced glucose uptake was assessed. Treatment with 0.5 mM BSA-conjugated palmitate for 16 h lowered the stimulatory effect of insulin on glucose uptake by ~44%, compared with 0 mM BSA-PA-treated cells. The concentration of BSA-conjugated palmitate necessary to induce insulin resistance was 0.5 mM, this level of palmitate demonstrated a glucose uptake ability similar to that in the BSA-only control, which did not contain insulin (Fig. 1B) . Unconjugated palmitate did not induce insulin resistance. To investigate the role of hispidin on BSA-conjugated palmitate-induced insulin resistance, C2C12 myotubes were incubated with 0.5 mM BSA-conjugated palmitate for 16 h and then treated with various concentrations of hispidin for 4 h. Hispidin treatment of C2C12 myotubes increased glucose uptake in a concentration-and time-dependent manner (Fig. 1C) . Hispidin at concentrations of 50 and 100 µM increased glucose uptake by 31 and 32%, respectively, compared with the 0.5 mM BSA-PA only-treated group. Furthermore, 50 µM hispidin increased the glucose uptake in BSA-conjugated palmitate-treated C2C12 myotubes in a time-dependent manner (Fig. 1D) . These results indicated that hispidin treatment may inhibit palmitate-induced insulin resistance in C2C12 myotubes.
Effect of hispidin on insulin-dependent signaling.
The PI3K-Akt signaling pathway is involved in insulin-stimulated glucose uptake, and therefore its activation was assessed by western blot analysis. Insulin treatment stimulated Akt phosphorylation and expression levels of PI3K, which was reduced by treatment with 0.5 mM BSA-conjugated palmitate; however, treatment with hispidin slightly rescued insulin-induced Akt phosphorylation and expression levels of PI3K ( Fig. 2A) . Insulin signaling may be attenuated as a result of phosphorylation on IRS-1 serine residues. IRS-1 contains pleckstrin homology and phosphotyrosine domains, which provide a docking site for PI3K when phosphorylated, and serves a critical role in the insulin signaling pathway (31, 32) . To investigate the effects of hispidin on BSA-conjugated palmitate-induced IRS-1 Ser307 phosphorylation, C2C12 myotubes were incubated with 0.5 mM BSA-conjugated palmitate for 16 h. The cells were subsequently treated with 50 µM hispidin for 4 h. Treatment with BSA-conjugated palmitate increased IRS-1 Ser307 phosphorylation in the presence of insulin, and this phosphorylation was slightly reduced by 50 µM hispidin (Fig. 2B) . These data indicated that hispidin exerts a recovery effect on insulin-dependent signaling against palmitate-induced insulin resistance. IRS-1 phosphorylation on Ser307 following exposure of skeletal muscle cells to palmitate is facilitated by the diacylglycerol (DAG)-mediated activation of PKC θ, therefore the ability of hispidin to modulate PKC θ was investigated. Incubation of cells exposed to BSA-conjugated palmitate increased the expression of PKC θ, however, this was inhibited by 50 µM hispidin (Fig. 2C) . These findings indicate that hispidin may reverse palmitate-induced insulin resistance, and this may occur via the insulin-signaling pathway, by preventing PKC θ activation.
Hispidin reduces lipid accumulation and increases glucose uptake in C2C12 myotubes. Free fatty acids are converted into DAG and ceramide, and this induces lipid accumulation (13) (14) (15) . Accumulated lipids stimulate insulin resistance by activating protein kinase C isoforms. To assess intracellular lipid accumulation, lipid content was measured by Oil-Red-O staining. A significant increase in lipid content in C2C12 myotubes was observed following treatment with palmitate for 16 h (Fig. 3A) . However, treatment with various concentrations of hispidin reduced palmitate-induced lipid accumulation in C2C12 myotubes. To examine whether hispidin directly increases glucose uptake in C2C12 myotubes in the absence of palmitate, glucose uptake was measured in cells pretreated with various concentrations of hispidin for 4 h, or with 100 nM insulin for 30 min. After incubation with hispidin for 4 h, glucose uptake was enhanced by approximately 23% compared with that in the control (Fig. 3B) .
Effect of hispidin on AMPK signaling. To investigate whether the hispidin-induced increase in glucose uptake was due to AMPK activation, AMPK and ACC phosphorylation were studied by western blot analysis. Hispidin exposure increased phosphorylation of AMPK and its downstream mediator ACC in a concentration-dependent manner, compared with that in the control (Fig. 4) . These results indicated that hispidin may exert a beneficial effect on glucose uptake in C2C12 myotubes, via activation of the AMPK-ACC pathway.
Discussion
Insulin resistance is commonly associated with obesity and obesity-associated features, including elevated plasma FFA levels (11) . In particular, because skeletal muscle is the main target of insulin action for glucose disposal, studies investigating FFA-induced insulin resistance in muscle cells are crucial to improve knowledge of this process. Previous studies have demonstrated the ability of various natural compounds to rescue skeletal muscle C2C12 myotubes from palmitate-induced insulin resistance, which may be due to higher stability and lower side effects (33) (34) (35) . It is well known that certain mushrooms, including Phellinus linteus and Inonotus hispidus, produce hispidin and its derivatives. Previous research has investigated the antioxidant activity of hispidin in palmitate-treated cells (36) ; however, currently there is no research investigating the effects of hispidin on palmitate-induced insulin resistance. The present study examined the effects of hispidin on palmitate-induced insulin resistance in muscle cells, at the level of insulin-dependent signaling and AMPK activation.
Incubation of skeletal muscle cells with saturated fatty acid results in the dysfunction of glucose uptake, and this has been implicated in the promotion of IRS-1 serine phosphorylation (37, 38) . Amongst these saturated fatty acids, palmitate is responsible for more than 25% of circulating FFAs in blood plasma. Exposure to high palmitate levels results in the activation of PKCθ, which phosphorylates IRS-1 at Ser307 (39) . This phosphorylation results in inhibition of insulin signaling, which downregulates the PI3K-Akt signaling pathway and reduces insulin-stimulated glucose uptake. Consistent with these reports, the present study revealed that excess BSA-conjugated palmitate impaired glucose uptake and induced lipid accumulation; however, unconjugated palmitate did not induce insulin resistance. Palmitate is the most prominent saturated fatty acid utilized in the body. However, the utilization of palmitate in cell-based assays is challenging due to its low solubility in aqueous solutions. BSA has been used as a carrier and stabilizing agent for insoluble fatty acids. As palmitate conjugated to BSA creates an aqueous-soluble reagent that is absorbed and utilized by cells, it is appropriate for cell-based assays (40) . This was accompanied by increased serine phosphorylation of IRS-1 and phosphorylation of PKCθ, and decreased activation of PI3K and Akt. Skeletal muscle cells exposed to BSA-conjugated palmitate demonstrated enhanced phosphorylation of IRS-1. In agreement with previous studies, the present study revealed that BSA-conjugated palmitate increased the levels of phosphorylation of IRS-1 (41, 42) . However, these effects were mostly rescued by treatment with hispidin. However, this was not observed in the present study. Two distinct signaling pathways with two distinct mechanisms are critical for glucose uptake: The insulin signaling pathway and AMPK activation. AMPK induces glucose uptake in an insulin-independent manner, and therefore, it may be an important alternative target for treatment of type 2 diabetes (43). Furthermore, AMPK inhibits lipid accumulation via the phosphorylation of ACC, which has been used as a biological research tool for the insulin signaling blockade (44) . The present study demonstrated that hispidin increases AMPK and ACC phosphorylation in a concentration-dependent manner.
In conclusion, hispidin exhibits a notable capacity to improve palmitate-induced insulin resistance, via inhibition of lipid accumulation and regulation of the insulin signaling pathway. Hispidin may have a potent anti-diabetic effect, and may represent a useful agent for the treatment of type 2 diabetes in the future. of Environment (MOE) of the Republic of Korea (grant no. NIBR201628101).
